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Large-scale sequencing studies of hematologic malignancies have revealed notable epis-
tasis among high-frequency mutations. One of the most striking examples of epistasis
occurs for mutations in RNA splicing factors. These lesions are among the most common
alterations in myeloid neoplasms and generally occur in a mutually exclusive manner, a
finding attributed to their synthetic lethal interactions and/or convergent effects. Curi-
ously, however, patients with multiple-concomitant splicing factor mutations have been
observed, challenging our understanding of one of the most common examples of epistasis

® Escape from epistasis
of RNA splicing factor
mutations occurs with
specific mutant alleles
and preservation of
1 wild-type allele.

® Allele-specific
differences in RNA
binding and/or splicing
account for exclusivity
vs cooccurrence of
splicing factor
mutations.

in hematologic malignancies. In this study, we performed bulk and single-cell analyses of
patients with myeloid malignancy who were harboring =2 splicing factor mutations, to
understand the frequency and basis for the coexistence of these mutations. Although
mutations in splicing factors were strongly mutually exclusive across 4231 patients
(q < .001), 0.85% harbored 2 concomitant bona fide splicing factor mutations, ~50% of
/) which were present in the same individual cells. However, the distribution of mutations in

patients with double mutations deviated from that in those with single mutations, with
selection against the most common alleles, SF3B1X7°°E and SRSF2P?5H/L'R, and selection for less common alleles, such as
SF3B1 non-K700E mutations, rare amino acid substitutions at SRSF2"?%, and combined U2AF1534/2157 mutations. SF3B1
and SRSF2 alleles enriched in those with double-mutations had reduced effects on RNA splicing and/or binding
compared with the most common alleles. Moreover, dual U2AF1 mutations occurred in cis with preservation of the wild-
type allele. These data highlight allele-specific differences as critical in regulating the molecular effects of splicing factor
mutations as well as their cooccurrences/exclusivities with one another. (Blood. 2020;136(13):1477-1486)

of function,*¢ a variety of mutations, including frameshift,
nonsense, and splice site changes occur throughout the
X-chromosome-encoded ZRSR2, presumably resulting in loss of
function.”

Introduction

The RNA splicing machinery is frequently mutated in subjects
with clonal hematopoiesis and patients with myelodysplastic
syndromes (MDS), acute myeloid leukemia (AML), and myelo-
proliferative neoplasms (MPNs)."® Splicing factor mutations are
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concentrated in the core RNA splicing factor SF3B1, the ac-
cessary splicing factor SRSF2, the small subunit of the U2AF
heterodimer U2AF1, and the minor spliceosome component
ZRSR2, each of which has an essential role in recognition of
splicing signals to ensure faithful gene expression. Although
heterozygous point mutations occur at highly conserved amino
acid residues of SF3B1, SRSF2, and U2AF1, conferring a change
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Intriguingly, although RNA splicing factor mutations occur in up
to 45% to 85% of myeloid neoplasms, they consistently occurin a
heterozygous state and mutually exclusive manner, such thatitis
rare to identify more than 1 RNA splicing factor mutation in an
individual patient.” Because of the discovery of these mutations,
sequencing data from thousands of patients with myeloid
neoplasms have reaffirmed mutual exclusivity of the mutations
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with great statistical significance, compared with the likelihood
of their coexisting by chance.®"" In parallel, efforts to identify the
functional basis for epistasis of mutations in RNA splicing factors
has shown that coexpression of the most common hotspot
mutations in SF3B1 (SF3B1€790F) and SRSF2 (SRSF277>H) in vivo in
mice is intolerable to hematopoietic cells.’?

Despite these observations, researchers in several studies have
noted rare patients with concurrent mutations in 2 RNA splicing
factors in the same sample.”'%'31% However, corresponding
allelic frequencies of these mutations are absent from many
series, precluding evaluation of whether both mutations are
expressed within the same cell. Moreover, mutations in splicing
factors may occur at multiple residues with potential distinct
impacts on splicing,*¢'> and prior studies have used different
criteria for inclusion of variants as bona fide mutations. For these
reasons, evaluation of known pathogenic mutant alleles (as
opposed to mutant genes) where variant allele frequencies are
available is necessary to clarify whether mutations in RNA
splicing factors can actually coexist. Furthermore, the advent of
single-cell genomic technologies now provides an opportunity
to definitively assess the presence of these mutations in the
same cells.

We provide the clinical, genetic, and molecular characteristics of
patients with dual splicing factor mutations in bulk malignant cell
populations and at the single-cell level. In so doing, we uncover
enrichment of distinct alleles among patients with single vs dual
splicing factor mutations and downstream effects on RNA
splicing and binding, which provide a basis to explain the
cooccurrence vs mutual exclusivity of mutant splicing factor
alleles in patients with myeloid malignancies.

Methods

Patient samples

Studies were approved by the Institutional Review Boards of
Memorial Sloan Kettering Cancer Center (MSK), the University of
Manchester, and Mayo Clinic and were conducted in accordance
with the protocol set forth by the Declaration of Helsinki. Patients
with myeloid malignancies, including AML, MDS, and MPN,
were identified from 4 public studies®'®'¢17 and in patients
treated in clinical practices at MSK and Mayo Clinic. The overall
frequency of splicing factor mutations and comparisons between
individuals with single and double mutations were evaluated in
this cohort of 4231 patients: 1319 from the German-Austrian
AML Study Group,' 1242 from MSK, 644 from the United
Kingdom, 608 from the Beat AML program,* and 418 from the
Internal Cancer Genome Consortium’é (supplemental Figure 1A;
supplemental Table 1, available on the Blood Web site). For
analysis specific to double mutations, 36 samples identified from
this cohort were combined with an additional 22 samples
contributed by Mayo Clinic (unpublished; supplemental
Table 2).

Bulk DNA mutational analysis

The Ensembl Variant Effect Predictor (VEP) was used to sys-
temically reannotate mutation data for known hotspot mutations
in SF3B1, SRSF2, and U2AF1, as well as truncating mutations in
ZRSR2.'® For sample sequences from MSK-IMPACT (Integrated
Mutation Profiling of Actionable Cancer Targets), we used
a variant allele fraction (VAF) threshold of 1% for hotspot
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mutations in SF3B1, SRSF2, and U2AF1 and of 5% for variants of
unknown significance, consistent with normal clinical practice for
MSK-IMPACT data.""2° However, for the various techniques
used for mutational calling from non-MSK data (including whole-
exome sequencing and targeted DNA sequencing of various
depths), the lowest VAF reported was 5%. Several functional
alleles specific to myeloid diseases were added to a list derived
primarily from solid tumors?' (supplemental Table 1). The fre-
quencies of patients with 1 vs 2 splicing factor mutations were
determined, and Fisher’s exact test was performed to assess for
mutual exclusivity. Patients with single and double mutations
were compared in terms of distribution of myeloid neoplasm
subtypes and tumor mutation burden. The mutation burden was
calculated by dividing the number of nonsynonymous mutations
by the expected breadth of sequencing in the IMPACT Heme
panel?? (1.21 Mb). For samples with double splicing factor
mutations, the cancer cell fraction (CCF) of each mutation was
summed to gauge the likelihood that it cooccurs in the same
cells as opposed to different cells of a patient sample. Although
58 patient samples with double splicing factor mutations were
identified as described, the CCF analysis could be performed in
only 46 samples where VAFs of both splicing factor mutations
were available. The CCF of hotspot mutations in SF3B1, SRSF2,
and U2AF1 was assumed to be 2 times the VAF. For nonsense
and frameshift mutations on ZRSR2, the ploidy was assumed to
be 1 for males and 2 for females when this information was
available. When it was not, VAFs >0.5 were taken to imply
monoploidy. Cooccurrence of the splicing factor mutations in
the same cells was substantiated by a combined CCF =1. Copy
number analysis was performed on 600 patients in the MSK
cohort sequenced with MSK-IMPACT, using previously pub-
lished methods.'?%°

Single-cell DNA sequencing analysis

Targeted single-cell DNA sequencing of cryopreserved bone
marrow mononuclear cells (BM MNCs) from patients with double
splicing factor mutations (supplemental Table 3) was performed
on a microfluidic, droplet-based platform developed by Mission
Bio, as previously described.?®* Barcoded samples proceeded to
targeted polymerase chain reaction amplification by a custom
panel of 36 amplicons targeting 47 mutations across all 4 splicing
factors, and 13 additional driver genes involved in myeloid
malignancies (supplemental Tables 4 and 5). The identity and
mutational profile of each cell were preserved through the
process, as each amplicon was tagged with a unique cell bar-
code. Additional single-cell sequencing and analysis methods
are described in the supplemental Methods: U2AF1 allele-
specific sequencing; isothermal titration calorimetry; and ge-
nome annotations, RNA sequencing (RNA-seq) read mapping,
and differential splicing analysis.

Results

Frequency of patients with 2 or more bona fide
mutations in splicing factors

We systematically annotated primary genomic DNA sequencing
data for known hotspot mutations in SF3B1, SRSF2, and U2AF1,
as well as clearly deleterious mutations in ZRSR2 across 4231
patients with AML (n = 2822), MDS (n = 1050), or MPNs
(n = 359), according to strict criteria for calling the mutation
(Figure 1A; supplemental Tables 1 and 2; supplemental
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Figure 1. Genetic features of patients harboring 2 concomitant mutations in RNA splicing factors at the bulk and single-cell level. (A) Oncoprint of hotspot mutations in
SF3B1, SRSF2, an U2AF1, as well as clearly deleterious mutations (nonsense or frameshift mutations) in ZRSR2 across 4231 patients. Each column represents 1 patient. The
number of patients with 0, 1, or 2 splicing factor mutations is shown in yellow, orange, and red, respectively. Overall, mutations in each gene exhibited strong mutual exclusivity
(g < .001; Fisher's exact test). (B) CCF of each mutant splicing factor from genomic DNA sequencing of a cohort of 58 dual mutant splicing factor samples, including those from a
single study."® (C) CCF of mutations at SF3B1<'%, other residues of SF3B1 (SF3B1 other), SRSF277?%, U2AF 153, and U2AF19'% as well as ZRSR2 truncation mutations (ZRSR2
trunc). (D) Percentage of patients with single or double splicing factor mutations (in black and red, respectively) with mutations in SRSF2, SF3B1, U2AF1, and ZRSR2. Error bars: 1
standard deviation, based on a binomial distribution. **P < .005; ***P < .0005 (Fisher's exact test). (E) Plot describing the number of patients with coexisting mutant alleles in
splicing factors. The expected number was based on the fraction of samples with exactly 2 mutations under the assumption of no mutual exclusivity and using a Poisson
distribution. The distribution of the number of (F) total sequenced cells per patient and (G) reads per amplicon per cell from single-cell genomic DNA sequencing. Each point
represents a sample from a unique patient. (H) Fraction of mutated cells with 1 or 2 mutations in RNA splicing factors within each patient with a dual splicing factor mutation. Red
bar denotes fraction of individual cells where 2 splicing factor mutations were identified within the same cell. The number of cells containing each mutation is indicated.

Methods). This information included previously unpublished
data from 1242 patients at MSK, as well as from independent
samples from 6 prior studies®'%'¢1724 (supplemental Figure 1A).
Mutations in these 4 RNA splicing factors were seen in 22.9%
of patients overall and exhibited strong mutual exclusivity
(g <.001). However, 0.85% of patients (n = 36) had 2 concurrent
splicing factor mutations (supplemental Figure 1B). No patient

GENOMIC ANALYSIS OF SPLICING FACTOR DOUBLE MUTANTS

had mutations in 3 or more splicing factors. Of note, the sub-
types of myeloid neoplasms present among dual-mutation
samples were reflective of the entire patient cohort (supple-
mental Figure 1C), suggesting that mutual exclusivity of splicing
factor mutations is not related to any specific clinical subtype of
myeloid neoplasm. The distribution of mutations in splicing
factors across myeloid neoplasms was similar to that in prior
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studies,??1%1¢2% with an enrichment of SF3B1 K700 mutations in
MDS over AML or MPNs and a slightly higher frequency of
SRSF2 mutations in AML over MPN or MDS (supplemental
Figure 1D). There was also no significant difference in the tumor
mutational burden in patients with 1 vs 2 mutations in splicing
factors (supplemental Figure 1E).

Allele-specific mutual exclusivity and cooccurrence
of splicing factor mutations

To address whether mutations in splicing factors coexist within
the same cells in patients with 2 mutations, we calculated the
CCF of each splicing factor mutation based on its corresponding
VAF. For this analysis, we included a cohort of 22 additional
patients identified in clinical practice as having >1 splicing factor
mutation, for an overall cohort of 58 double-mutation samples
(supplemental Table 2). Every possible combination of mutations
in SF3B1, SRSF2, U2AF1, and ZRSR2 was observed, and there
were also patients who harbored 2 distinct concomitant muta-
tions in either U2AF1 or SF3B1 in the same sample (supple-
mental Figure 1F).

Interestingly, in 63% of these patients, the 2 splicing factor
mutations had a combined CCF >1, suggesting that they
coexisted within the same cell (Figure 1B). Overall, the CCF of
mutations in SF3B1, SRSF2, U2AF1, and ZRSR2 within double-
mutation samples mirrored that of single-mutation samples
(Figure 1C). However, when we compared the frequency of
mutations within each gene at the level of mutant alleles, we
identified that SF3B1X7%0 and SRSF2P7/P%¢ substitutions, which
represent the 2 most common splicing factor mutations among
all patients, were significantly less common in double mu-
tant than in single mutant alleles (Figure 1D; supplemental
Figure 1G-H). For example, SF3B1<°° mutations accounted for
19% of all splicing factor mutations in patients with single mu-
tations but only 3.9% of all splicing factor mutations in those with
dual mutations. Consistent with this result, the specific combi-
nation of SF3B1K7% and SRSF2?5/P%¢ mutations occurred far less
frequently than expected, based on the frequencies of these
mutations in the overall cohort (P = .0013; Fisher's exact test;
Figure 1E). These data demonstrate selection against cooc-
currence of the SF3B1K7% and SRSF2P?5/P% mutations, the most
frequent mutant alleles among the splicing factors. At the same
time, that less common mutations in SF3B1 and SRSF2 cooccur
argues that the mutual exclusivity vs cooccurrence of these
mutations occurs at the level of specific mutant alleles, rather
than at a gene-specific level.

Cellular-level mutual exclusivity and cooccurrence
of splicing factor mutations

Next, we sought to investigate whether mutual exclusivity of the
most common splicing factor mutations and possible co-
existence of less common alleles holds true at the single-cell
level. We performed high-throughput single-cell DNA se-
quencing (scDNA-seq) to quantitatively assess the clonal ar-
chitecture of myeloid neoplasms harboring dual splicing factor
mutations in the same sample (Tapestri platform; Mission Bio).
Using a custom panel of 36 amplicons across 17 genes intended
to capture all mutations detected by bulk DNA sequencing in
each patient sample with a double mutation, we sequenced a
total of 98 932 BM MNCs from 11 patients (supplemental Tables
3, 4, and 5), each of whom bore 2 bona fide mutations in RNA
splicing factors (supplemental Table 4). We sequenced a median
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of 7643 BM MNCs per patient (interquartile range [IQR], 4 152-
10201; Figure 1F). The median coverage was 192X per
amplicon per cell (IQR, 135-295; Figure 1G). The VAFs from
bulk and scDNA-seq correlated significantly (R? = 0.32; P = .001),
suggesting that despite variability in the data, the single-
cell sequencing results were representative of bulk sequencing
(supplemental Figure 2A). Target loci were genotyped in the
majority of cells (median, 92%; IQR, 86-9%), with the notable
exception of SRSF27%, a locus prone to allele dropout (ADO)*
(supplemental Figure 2B; supplemental Methods). We attempted
to address ADO at SRSF2 by jointly estimating the cooccurrence
of SRSF2, SF3B1, and U2AF1 mutations and ADO at both loci
under the assumption that hotspot mutations in these genes are
diploid and either wild type (WT) or heterozygous in all cells.
These are reasonable assumptions, because <5% of patients had
copy number alterations at regions of hotspot mutations in SF3B7,
SRSF2, and U2AF1 mutations in >500 patients with myeloid
neoplasm (supplemental Figure 2C-D), and bulk RNA-seq data
consistently reveal simultaneous expression of both SRSF2 WT
and mutant alleles.®2427

Our scDNA-seq analysis showed true cooccurrence of con-
comitant mutations in RNA splicing factors at the single-cell
level in multiple patients, including combined SF3B14¢¢¢T and
SRSF2P?5H,  SF3B1H662Q@  and SRSF2P?%H, SF3B16740R  and
U2AF19157R "and U2AF19157R and U2AF1534F mutations, among
others (Figures 1H and 2A-C; supplemental Figures 2E and 3).
However, consistent with their exclusivity in bulk sequencing
data, SF3B1<70% and SRSF2P?" mutations remained mutually
exclusive at the level of individual cells (Figures 1H and 2A-B).
Moreover, in a male patient with 2 ZRSR2 frameshift mutations
(ZRSR2E118D728 gnd ZRSR2R2797), the mutations existed in distinct
cells, a result probably explained by the location of ZRSR2 on
chromosome X and the presumed convergent effects of loss-of-
function mutations in the same gene (Figure 2C). In contrast,
ZRSR2 mutations clearly coexisted within the same cells as
hotspot mutations in other splicing factors (Figure 2C). We
accounted for ADO under the aforementioned assumptions and
found that adjusted estimates for mutant splicing factor clones
closely resembled unadjusted estimates in each case (supple-
mental Figure 4). These data reaffirm the mutual exclusivity of
SF3B1X79%€ and SRSF2P?" mutations, while highlighting the
potential for cooccurrence of other splicing mutant alleles at the
single-cell level.

We next evaluated the clonal architecture of the mutations in
splicing factors and other driver genes implicated in myeloid
malignancies. In samples with true cooccurrence of splicing
factor mutations, we most frequently detected a dominant
single splicing factor mutant clone followed by acquisition of a
second splicing factor mutation within the same cells (Figure 1H;
supplemental Figure 2E), most commonly consisting of an
SF3B1nem7%0 or U2AF1 mutant clone followed by acquisition of
an SRSF2 mutation. Quantitative analysis of the precise clonal
architecture in patients with the dual splicing factor mutation
including additional driver genes showed that, in each case,
pathogenic mutations in epigenetic modifiers such as TET2,
ASXL1, KDM6A, or DNMT3A nearly always preceded acquisition
of an RNA splicing factor mutation (Figure 2; supplemental
Figure 3).
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Figure 2. Allele-specific mutational cooccurrences in RNA splicing factor mutations. (A) Oncoprint indicating cellular-level cooccurrence of mutations in select cases of
double splicing factor mutations (the clinical diagnosis and sample ID is listed above each Oncoprint). Each column in the heat map (left) depicts an individual cell, with the
genotype of each sequenced cell for each variant. Clustering is based on the genotypes of driver mutations, and the horizontal bar depicts the detected clones in each case.
Mutant and wild-type cells are indicated in blue and white, respectively. The subclones located to the right of the red line comprised <1% of the total sequence cells, because
such small subclones can represent false-positive or -negative genotypes as a result of allele dropout or multiplets. The figures on the right show the pairwise association of
mutations. The color and size of each panel represent the degree of the logarithmic odds ratio (log OR). The vertical bar indicates the association of the colors with the log OR.
Cooccurrence and mutual exclusivity are indicated by red and blue, respectively. The statistical significance of the associations based on the false discovery rate (FDR) is
indicated by the asterisks. *FDR < 0.1; **FDR < 0.05; ***FDR < 0.001. (B) Fish plots showing the inferred clonal hierarchy based on the single-cell genotype data for the 3 patients
in panel A. (C) Oncoprint, as in panel A, but evaluating cellular cooccurrence or mutual exclusivity of deleterious ZRSR2 mutations with mutations in other splicing factors (left) or
with one another (right). CMML, chronic myelomonocytic leukemia; MDS-MLD, myelodysplastic syndrome with multilineage dysplasia; MDS/MPN-U with >15% RS, MDS/

myeloproliferative neoplasm unclassified with >15% ring sideroblasts.

GENOMIC ANALYSIS OF SPLICING FACTOR DOUBLE MUTANTS
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Functional basis for cooccurrence of splicing
factor mutations

To understand the allele-specific basis for the rare cooccurrence
of splicing factor mutations, we next evaluated the functional
impact of splicing factor mutations selected in samples from
patients with double mutations in more detail. The most com-
mon mutational cooccurrence among splicing factors in dual-
mutation samples was the combination of SRSF2P?*F% and
SF3B1 mutations in residues other than K700 (Figure 1E). Evenin
these cases, the specific mutant alleles in SRSF2 deviated from
the most common SRSF2 mutant allele substitutions. For ex-
ample, we identified 1 case of an SRSF2P?># mutation in a patient
with an SF3B1K¢4N mutation (Figure 3A). Previous work has
identified that mutations at proline 95 in SRSF2 alter the ability of
SRSF2 to physically interact with exonic splicing enhancer
sequences.®?® Although WT SRSF2 recognizes C- and G-rich
sequences equally well, SRSF2P?*"“R mutations have enhanced
binding avidity to C-rich RNA sequences, a biochemical hallmark
of pathologic substitutions at SRSF27?°. However, the effect of
SRSF2 P95A mutations (which are extremely rare overall) on RNA
binding has not been tested in a assay similar to the one used for
SRSF2PPSHUR mutations. We therefore purified the RNA recog-
nition motif domain of SRSF2, as previously described®?” (also in
supplemental Methods), with or without P95H, L, R, or A sub-
stitutions and performed isothermal titration calorimetry with the
RNA ligand 5'-uCCAGu-3’, a previously demonstrated optimal
SRSF2 target according to the SSNG consensus sequence.?’ In
contrast to the nearly fivefold increase in RNA binding affinity
seen with SRSF2 P95H, P95L, and P95R substitutions relative to
WT SRSF2 (Figure 3B), P95A substitutions did not influence RNA
binding affinity (Figure 3B). These data indicate the importance
of evaluating the exact allelic substitution in splicing factor
mutations and suggest that the specific mutations present in
patients with double mutations may allow for escape from
epistasis as a result of the mitigating effects on RNA binding
and/or splicing.

SF3B1K7%% exhibits strong mutual exclusivity with other splicing
factor mutations, a phenomenon not recapitulated by other
hotspot mutations in SF3B1. We therefore characterized dif-
ferences in RNA splicing between the most common mutant
alleles in SF3B1 found in myeloid neoplasms, SF3B1<7%%F and
SF3B1%¢¢¢ substitutions, by performing RNA-seq on blood or BM
MNCs from a new cohort of 24 patients with MDS or AML
bearing the following mutations: 10, SF3B1 WT, 6, SF3B11¢¢¢;

and 8, SF3B1¥%%E (supplemental Table 6). To differentiate
whether the 2 groups of mutant alleles have distinct influences
on splicing or whether the SF3B11¢¢¢ mutant alleles have a less
potent response, we compared the quantitative extent of mis-
splicing of the events that responded most strongly to each type of
SF3B1 mutation. Interestingly, this analysis revealed that, although
both SF3B1</%E and SF3B1K%¢ mutations cause missplicing of a
similar sets of genes, SF3B1</%F mutations result in quantitatively
more dramatic changes in splicing than do SF3B1%¢¢¢ mutations.
SF3B1%¢% mutations drive only modest changes in missplicing
of the top SF3B1¥%E mutation-responsive events; conversely,
SF3B1®E mutations are just as capable as SF3B1¢¢¢ mutations of
driving strong missplicing of the top SF3B1X¢¢¢-responsive events
(Figure 3C-E; supplemental Figure 5A). These data demonstrate
important allele-specific differences in splicing among the distinct
SF3B1 mutations seen in myeloid neoplasm that may underlie the
cooccurrence and exclusivity of SF3B1 mutations with mutations in
other splicing factors.

In contrast to significant exclusivity of the most common mutant
alleles in SRSF2 and SF3B1, U2AF1534, and U2AF12"37 hotspot
mutations cooccurred at a higher rate than expected by chance
alone (Figure 1E). Moreover, scDNA-seq analysis of >6000 cells
from a patient harboring both U2AF1%34F and U2AF12'%” mu-
tations clearly revealed that both mutations occurred in the same
cells. Although we hypothesized that the U2AF1 mutations
occurred at about the same time, given that virtually all of the
U2AF1 mutant cells carried both mutations (Figure 3F), it is also
conceivable dual mutant cells had a significant proliferative
advantage over single mutant cells, such that they became the
only detectable clone over time. Evaluation of the clonal ar-
chitecture of this patient based on sequencing of the 5 mutations
identified in bulk DNA showed that initiating mutations in
KDMéB followed by DNMT3A were followed by acquisition of
the dual U2AF1 mutant clone (Figure 3G-H).

Cooccurrence of multiple U2AF1 mutations is surprising, given
prior data suggesting the requirement for expression of a
WT allele in the presence of a hotspot mutation in U2AF1 for
cell survival.3® We therefore evaluated whether cooccurring
U2AF1%3%F and U2AF1°""R mutations were present on the same
allele or different alleles using long-range reverse-transcription-
polymerase chain reaction spanning exons 2 to 7 of U2AF1
(which encode the 534 and Q157 residues of U2AF1), followed
by subcloning and sequence analysis of individual clones. All
clones that emerged from this analysis were either entirely WT

Figure 3. Allele-specific effects on RNA binding and splicing in splicing factor mutations seen in patients harboring 2 concomitant mutations in splicing factors. (A) Pie
chart of SRSF2 P95 amino acid substitutions across the entire cohort. (B) Binding affinities of WT vs P95H/L/R/A mutant SRSF2 peptides to UCCAGU RNA oligonucleotides as
absolute Ky values. The column labeled “change in affinity” provides the Ky ratio of the mutant:WT peptide. (C) Comparison of the quantitative effects of SF3B1<%F and
SF3B1%N mutations on splicing, stratified by mutant allele fraction. Each point illustrates the absolute change in isoform usage (APSI) for 1 of the top 20 most misspliced events
associated with each mutation. For each panel, the top 20 most misspliced events were computed using only samples with SF3B1</%€ or SF3B1%¢¢N mutations. Missplicing of
those 20 events was then computed for all samples, irrespective of mutation, and plotted as illustrated. SF3B1</%F and SF3B1K%¢N mutations cause missplicing of similar sets of
genes, but SF3B1<%F mutations cause more dramatic changes. Lines, shading, and equations indicate the best-fit linear regressions and corresponding 95% confidence
intervals. (D) As in panel C, but computed using the top 5 most misspliced events for each mutation (SF3B1</%F; SF3B1%¢%N)_(E) Box plot illustrating the data from panel C and
associated P-value, computed using a 2-sided Wilcoxon rank-sum test. (F) Fraction of U2AF15%F, U2AF19'57R or dual U2AF 1537157k mutated cells from a patient harboring both
U2AF1S34FWT and U2AF19157"WT mutations. Red bar indicates fraction of U2AF15347/Q157R dual mutant cells. (G) Clonal hierarchy of mutations in the patient from panel E. Each
column represents a cell at the indicated scale, as in panel A. Cells with mutations and WT cells are indicated in blue and white, respectively. (H) Fish plots showing the inferred
clonal hierarchy based on the single-cell genotype data from panel G. (I) Sanger sequencing electropherograms from representative single cell clones from the patient in panel
F. As enumerated on the right, all colonies were either U2AF1 dual WT or U2AF153#7/Q157R dual mutant, indicating that these mutations always occur in cis with preservation of the
WT allele. (J) Heat map of percentage spliced in values of cassette exons in patients with U2AF1534, Q157, and U2AF1534/Q157 dual mutations displaying cassette exon splicing
events specific to the U2AF1S34 or Q157 single-mutant state. Standard deviation of <0.2 among single mutants and mean(U2AF1 S34) — mean (U2AF1 Q157) < 0.32. Each row is
a unique patient, and each column is a single splicing event.
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for U2AF1 or contained both the U2AF1534F and U2AF19'%7
mutations (Figure 3l). In addition, there are distinct mRNA iso-
forms of U2AF1, 1 of which includes a premature termination
codon that targets the resulting U2AF1T mRNA for nonsense-
mediated mRNA decay.3' However, U2AF1534F/Q157 double-
mutant clones did not differ from U2AF1 WT clones in their
usage of U2AF1 isoforms (supplemental Figure 5B). Consistent
with these findings, patients with U2AF15347/A157 double muta-
tions harbored differential cassette exon splicing events, char-
acteristic of both the U2AF1534F and U2AF12'% single-mutation
states (Figure 3J). Although these data indicate that dual U2AF1
hotspot mutations occurred in cis with preservation of 1 WT
allele in this sample, further evaluation of additional samples is
important for understanding if coexisting U2AF 153472157 hotspot
mutations are tolerated in trans.

Discussion

Genomic analyses of patients with myeloid malignancies have
successfully identified, not only individual genes that are re-
currently mutated, but also groups of genes that have important
genetic interactions with one another. Notable groups of mu-
tations that display statistically significant mutual exclusivity in
patients with MDS and AML include mutations in the TET2 and
IDH1/2 enzymes,*? cohesin subunits, and RNA splicing factors
(SF3B1, SRSF2, U2AF1, and ZRSR2)." The most common ex-
planation for such epistatic interactions is that mutations are
mutually exclusive because of either redundant effects of each
mutation and/or intolerability of coexpression of these mutations
within the same cell. Studying the basis for these genetic in-
teractions has elucidated novel disease biology. For example,
discovery of the mutual exclusivity of TET2 and IDH1/2 muta-
tions in AML led in part to the identification of the convergent
effects of these mutations on DNA cytosine modification.3? We
focused here on evaluating the clinical and genetic characteristics
of patients with =2 simultaneous mutations in RNA splicing factors
to understand the basis for rare coexistence of these mutations.
Such patients have been anecdotally noted in several studies but
the frequency, characteristics, and basis for the existence of such
cases have not been systematically studied.

The existence of patients with double splicing factor mutations
appears counter to the mutual exclusivity of these mutations in
most patients," prior functional data demonstrating intolerability
of the most common splicing factor mutations,'? and the known
requirement of WT splicing in cells carrying hotspot mutations in
splicing factors.'23033:34 However, our data revealed that mutual
exclusivity of mutations in RNA splicing factors occurs at the level
of specific mutant alleles, dependent on the precise amino acid
substitutions in SF3B1, SRSF2, and U2AF1, rather than at the
gene level. In other words, mutations in RNA splicing factors can
and do coexist in the same individuals and even in the same
cells, but only combinations involving less common mutant al-
leles are identified in such individuals.

Allele-specific differences in RNA splicing factor mutations make
sense in light of the fact that distinct hotspot mutations in RNA
splicing factors are known to have unique disease manifestations
and, in some cases, are known to have unique effects on RNA
splicing and gene expression. For example, mutations at the S34
and Q157 residues of U2AF1 have distinct sequence-specific ef-
fects on cassette exon usage and misspliced target genes.*

1484 & blood® 24 SEPTEMBER 2020 | VOLUME 136, NUMBER 13

Consistent with these nonoverlapping effects of U2AF1 S34 and
Q157 mutations, we uncovered rare significant coenrichment of
U2AF1 S34 and Q157 mutations in patients, and this co-mutation
was enriched, even within individual cells. This finding suggests
potential cooperative interaction of the U2AF1 S34 and Q157
mutations, a hypothesis that would be interesting to examine in
future studies. Nonetheless, U2AF153+257 dual mutations occurred
in cis with preservation of the WT allele, in line with prior work
demonstrating requirement of the WT allele in U2AF1 mutant cells.*

In accordance with the concept of allele-specific regulation of
mutational cooccurrences, specific combinations of splicing
factor mutations exhibit significant mutual exclusivity. In fact, the
most common mutation substitutions in SF3B1 (SF3B1X79%F) and
SRSF2 (SRSF2P7SHUR) were substantially selected against at the
bulk cellular level, as well as within individual cells. In a particularly
illustrative example, we found that 1 patient who ostensibly
appeared to have coexisting SRSF2°® and SF3B1 mutations,
actually had selection for an extremely rare mutation in SRSF2
(SRSF2P%54), which although located at the commonly mutated
residue in SRSF2, did not alter the ability of SRSF2 to bind RNA. In
contrast, SF3B1 hotspot mutations outside of K700 frequently
coexisted with other splicing factor mutations, probably caused by
the allele-specific effects of distinct SF3B1 mutations on RNA
splicing and gene expression, as has been demonstrated for
mutant U2AF1.

SF3B1 mutations have been suspected to have allele-specific
differences, given the enrichment of specific SF3B1 mutations in
distinct subtypes of cancer. For example, SF3B 172 substitutions
are common in melanomas but rare in other cancers,?® and
SF3B197%2 mutations are most common in chronic lymphocytic
leukemia.®** These findings suggest allele-specific differences
across distinct SF3B1 mutant hotspots, but these differences
have not been elucidated. In fact, a recent study identified
adverse outcome among patients with MDS with SF3B1K¢%%
mutations specifically®”; however, global analyses of splicing
were absent from this study (and the few splicing changes
suggested to be specific to SF3B1%¢¢N genotype are actually
evident in SF3B 1<% samples). We found that K700E and K666
mutations in SF3B1, which represent the 2 most commonly
mutated SF3B1 residues in myeloid neoplasms, have significant
differences in their global effects on splicing. Compared with
SF3B1K700E  SF3B1Ké%¢ mutations have less dramatic effects on
splicing, which may account for the intolerability of the former,
and the tolerability of the latter, with other splicing factor mu-
tations. Although both K666 and K700 residues are located in
the HEAT domain of SF3B1, recent structural analyses of human
SF3B1 highlighted key functional differences between these
locations.3® The K666 residue is involved in intramolecular hy-
drogen bonds within SF3B1 to maintain its tertiary structure. In
contrast, the K700 residue is exposed on the surface of SF3B1
and appears to be involved in the interaction of SF3B1 with other
U2 snRNP components.® Thus, mutations in K666 and K700 are
expected to create distinct structural disturbances in SF3B1
which likely account for their subsequent different effects on
RNA splicing. Strong data on the clinical and morphologic as-
sociations of individual mutations in RNA splicing factors in
myeloid malignancies necessitate a closer future evaluation of
the potential effects of combined mutations of RNA splicing
factors on disease characteristics, such as morphologic features,
blood counts, and outcome.
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The discovery that cells containing hotspot mutations in RNA
splicing factors are intolerant of additional genetic perturbations
in splicing led to a therapeutic effort to modulate splicing as a
novel form of therapy for splicing factor mutant leukemias.®'
However, the allele-specific effects of splicing factor mutations
on vulnerability to additional genetic perturbations to splicing
identified in our study suggest the possibility that response to
such therapies may vary based on the exact mutant allele pre-
sent. For example, cells bearing SF3B1%7%%F and SRSF2P7H/LR
substitutions may be more sensitive to splicing modulatory
drugs than U2AF1534 or U2AF19'57 mutations or rarer mutant
alleles in SRSF2 or SF3B1, which have less prominent effects on
RNA splicing than K700E or P95H/L/R substitutions. It is also
possible that ZRSR2 mutant cells may be less responsive to such
therapies, given that ZRSR2 differs from other leukemia-
associated mutant splicing factors, in that it functions in the
minor spliceosome. These hypotheses should be considered in
future preclinical as well as clinical studies testing drugs that
globally perturb RNA splicing.

One frequent reason for cooccurrence of mutations that are
normally mutually exclusive is distribution of such mutations to
distinct subclones. Studying the clonal architecture of such cases
has recently been instrumental in understanding novel mecha-
nisms of resistance to mutationally targeted therapies. For ex-
ample, although mutations in IDH1 and IDH2 typically do not
cooccur, resistance to IDH2 inhibitors can develop because of
clonal outgrowth of IDH1 subclones.?? Similarly, FLT3 inhibitor
resistance has been shown in some cases to arise from clonal
outgrowth of RAS mutant cells. One can envision, then, that
prospective therapies targeting specific RNA splicing factor
mutations could select for outgrowth of cells bearing other
splicing factor mutations that have convergent effects on cell
survival.
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